Selfish genetic elements have been found in the genomes of many species, yet our understanding of their evolutionary dynamics is only partially understood. A number of distinct selfish Medea elements are naturally present in many populations of the red flour beetle (Tribolium castaneum). Although these Medea elements are predicted by models to increase in frequency within populations because any offspring of a Medea-bearing mother that do not inherit at least one Medea allele will die, experiments demonstrating an increase in a naturally occurring Medea element are lacking. 
| INTRODUC TI ON
Since the first selfish genetic elements (SGEs) were discovered nearly a century ago (Gershenson, 1928) , they have been described in a wide variety of organisms, yet their evolutionary implications are only partially understood and practical uses are just now being explored (Burt & Trivers, 2006; Macias, Ohm, & Rasgon, 2017; Piaggio et al., 2017) . SGEs are inherited more frequently than expected by Mendelian inheritance as a result of mechanisms that either kill the alternative allele, increase the element's own replication, or preferentially segregate the element into gametes during meiosis (Burt & Trivers, 2006) . They are able to increase in frequency by eschewing the laws of inheritance, and they can affect the evolutionary trajectory of a population by impacting the fitness of individuals carrying the elements (typically negatively, though some examples of the positive fitness effects of SGEs exist) and by spreading linked, hitchhiking alleles (Fishman & Kelly, 2015; Werren, Nur, & Wu, 1988) .
In one such element, Medea, any offspring of a Medea-bearing mother that do not inherit at least one Medea allele will die (Beeman, Friesen, & Denell, 1992) . This results in an evolutionary advantage of individuals with Medea elements over those without this genetic element. Population genetic models predict that Medea will rapidly increase in frequency in a population under a broad array of ecological parameters (Akbari et al., 2014; Chen et al., 2007; Hastings, 1994; Smith, 1998; Wade & Beeman, 1994; Ward et al., 2010) .
Beyond interest in Medea elements to further our understanding of evolution, they are of interest for potential use in genetic pest management. Through linking an antipathogen construct to a Medea element, the combined construct could presumably be driven to fixation in a pest population, rendering that population incapable of vectoring disease (reviewed in Hay et al., 2010; Sinkins & Gould, 2006) . The deterministic, theoretical models of Medea have been able to predict how synthetic Medea elements spread within homogeneous laboratory populations of Drosophila species (Buchman, Marshall, Ostrovski, Yang, & Akbari, 2018; Chen et al., 2007) but it is not clear that such models will be capable of predicting behavior of naturally occurring Medea in genetically diverse natural populations.
While Medea elements utilized in genetic pest management will likely be synthetic, a better understanding of the dynamics of naturally occurring Medea elements in genetically diverse populations could enable more accurate predictions of the behavior of engineered Medea elements if, in the future, they are released in the environment. Red flour beetle (Tribolium castaneum) populations (Beeman & Friesen, 1999 ) contain a number of natural Medea elements. Two of these, Medea-1 (M 1 ) and Medea-4 (M 4 ), have been detected in many populations of red flour beetle across the globe.
Although both possess maternal-effect lethality, the elements map to opposite ends of chromosome 3 and do not cross rescue (i.e., inheritance of an M 1 allele does not rescue the lethality imposed by an M 4 -bearing mother, and vice versa; Beeman & Friesen, 1999) .
Although the exact mechanism of this lethality is unknown, the current model of a Medea element includes two tightly linked loci which encode (a) a maternally expressed toxin deposited in all eggs and (b) a zygotic antidote that rescues only offspring inheriting at least one Medea allele (Beeman & Friesen, 1999; Beeman et al., 1992) . While M 1 and M 4 are distinct genomic elements, they share an incompatibility with another genomic region, the hybrid incompatibility factor (H) (Thomson & Beeman, 1999) . Located on chromosome 9, H is fully incompatible with M 1 , resulting in the death of all offspring produced from a pairing between M 1 and H. The interaction between H and M 4 is less severe, and viable offspring may be produced in some crosses at specific temperatures (Thomson, 2014; Thomson & Beeman, 1999) .
A survey of M 4 in the United States from 1993 through 1995 suggested existence of a latitudinal boundary for its spread. Most populations above 33°N were fixed for the element, while most populations sampled below this latitude lacked the M 4 element altogether (Beeman, 2003) . Our recent survey work demonstrates that M 4 has spread beyond this boundary, but many populations still lack M 4 (Cash, Lorenzen, & Gould, 2019 (Cash et al., 2019) . From the surveys, we could not determine the causes of the patchy distribution, which could include ongoing, slow stochastic spread of the elements among populations or population-level resistance to the Medea drive mechanism.
In the present study, we conducted a series of laboratory experiments to better understand the cause(s) of the current distri- 
| MATERIAL S AND ME THODS

| Population maintenance
For all studies, beetles were kept under constant dark conditions at 30°C and 58% (±2%) relative humidity on a mixture of 1:20 by volume Brewer's yeast to organic whole wheat pastry flour. Both laboratory strains and wild-derived strains were used in this study (Table 1) .
| M 1 genotyping
Genomic DNA from individual beetles was extracted using the method described by Lagisz, Port, and Wolff (2010 (Cash et al., 2019) . (see Figure S1 for details). After five weeks, 100 adult offspring were chosen at random to produce the next cohort; these adults were placed on fresh flour and removed after one week for genotyping. This process was repeated for five generations. M 1 allele frequency was assessed each generation by genotyping approximately 50 individuals per replicate (average = 52.5 ± 7.5 SD) using the primers and PCR protocol described above.
| Assessing frequency changes in M 1 "resistant" populations
The introduction of M 1 into a "resistant" population genome first required the creation of a population of M 1 individuals who carried as much of the "resistant" genetic background as possible from the AL-9 or the ND-1 strain.
Virgin females from a wild-derived, non-M 1 source population were crossed to males from the IPS strain to generate heterozygous males. These males were backcrossed to females from the source population for three generations. After the third backcross, offspring were mated in single pairs, then sacrificed, and genotyped for M 1 as described above. M 1 -positive offspring were used as the source of M 1 in introductions to non-M 1 "resistant" populations; for each source population, M 1 was introduced at two allele frequencies, 0.25 and 0.5, with 100 adults per replicate (at equal sex ratios), and three replicates of each frequency.
Population maintenance was the same as described for the "susceptible" populations. 
| Hybrid incompatibility factor crosses
| Estimating effective population size in experimental populations
In order to confirm that changes in our observed Medea frequencies were due to the inherent drive of the M 1 allele, and not simply a result of genetic drift in these experimental populations, we estimated effective population size in the selected experimental populations. and TX-3, and one replicate from "susceptible" population MS-1.
From each of these, 40 individuals per population were selected at random from generation 0 and generation 6 (MS-1 was tested at generation 1 and generation 5) and genotyped at four polymorphic microsatellite loci. Microsatellite genotyping methods were as described in Cash et al. (2019) . Differences in observed temporal allele frequencies were used to estimate effective population size in the program MLNe (Wang, 2001; Wang & Whitlock, 2003) . MLNe uses both a pseudo-maximum-likelihood approach as well as a moment estimator to estimate effective populations size based on allele frequency data collected at different generational time points. Because our experimental replicates are closed populations, migration was not considered in the estimation. We used a maximum N e value of 10,000 for the estimates.
| Modeling Medea in populations
We coded a stochastic model of Medea dynamics and used to make predictions about Medea frequency changes under each of the population regimes described above ( In order to parameterize the model to make more accurate predictions about these particular populations, we generated additional data on reproductive fitness of female genotypes used in the experiments. Single-pair crosses were set up between individuals of the key genotypes. After three days at 30°C, adults were removed, and eggs were counted. In total, eggs were censused from 328 unique crosses from a variety of parental genotypes, providing an overall egg-production distribution, which was incorporated into the model. 
| RE SULTS
| The M 1 frequency generally increased in colonies from populations that had intermediate frequencies (Hypothesis 1 supported)
The M 1 element generally increased in frequency in our laboratory colonies that were started from wild populations with intermediate As with results from the experiments using colonies from populations with intermediate frequencies, models including fitness costs for heterozygous offspring of homozygous mothers appear to be a slightly better visual fit at the higher initial frequencies ( Figure S4a ), whereas models without heterozygote fitness costs fit the data better at lower frequencies ( Figure S4b ).
| The presence of the hybrid incompatibility factor does not always impair increase in M 1 frequency (Hypothesis 3 not supported)
As predicted, the hybrid incompatibility factor (H) hindered the increase in the M 1 element when both were at a frequency of 0.5 
| Estimates of effective population size in our experimental replicates were low
In some cases, estimates of effective population sizes were lower than the census population size (100 for MS-1, 200 for other populations; Table 2 ), but the confidence limits for the estimates were typically large and in some cases the upper limit of the confidence interval exceeded the assumed highest population size. In order to ensure our model was capturing the extent of genetic drift occurring in our experimental populations, we also ran models using 
| D ISCUSS I ON
Models of Medea and experiments with synthetic Medea constructs
in Drosophila species predict that as long as there are no fitness costs, the element will increase in frequency rapidly once introduced into a non-Medea population (Akbari et al., 2014; Buchman et al., 2018; Chen et al., 2007; Huang, Lloyd, Legros, & Gould, 2009; Smith, 1998; Wade & Beeman, 1994; Ward et al., 2010) . For genetic pest management, these models are useful in predicting the effectiveness of a particular approach before costly constructs and strains are built and field trials are performed. But for these models to reflect biologically realistic scenarios, it is critical to have experimental data for model parameterization. Until now, no studies had examined the spread of natural Medea elements in insects from diverse wild populations. Here, we have examined three hypotheses that are critical for understanding potential for variation in parameters that influence Medea frequency changes in populations:
Hypothesis 1 Intermediate M1 frequency is transitional
We have presented the first evidence that the M 1 element does indeed increase in frequency in red flour beetle populations and that the "selfish" behavior of the M 1 element is functional in populations which had intermediate frequencies of M 1 at the time of sampling. In one of the six replicates of intermediate frequency populations, the element decreased in frequency, but this is not unexpected when, as in this case, the element is at low frequency and the effective population size is small (Cash, 2016 Chapter 4; Ward et al., 2010) . Caveat:
Our experiments were conducted under laboratory conditions with discrete generations. There is a possibility that under natural environmental conditions, results would have differed.
Hypothesis 2 Wild populations that lack M1 have an incompatibility factor that prevents M1 from establishing
We have shown that M 1 is capable of establishing in populations where it was previously absent, indicating that genetic background is likely not a major factor in excluding M 1 from the populations ex- (Cash et al., 2019) . Perhaps due to the nature of the facilities where the beetles were found, most migration is from populations where M 1 is at low frequency, and thus presenting little opportunity for M 1 to be introduced or to increase after a low-frequency introduction. Low-frequency clusters within the United
States were identified in our recent survey (Cash et al., 2019) , and in an earlier survey, it was clear that M 1 was absent in some geographic areas. It is feasible that the absence in some populations could be F I G U R E 2 Estimated M 1 allele frequency increased in most wild-derived populations. 95% confidence intervals for each allele frequency measurement are shown due to the fact that beetles with M 1 had by chance not colonized the sites. Follow-up surveying in future years will be useful for examining this hypothesis.
Alternatively, while our study results do not suggest the presence of suppressors in these populations, it does not mean that they do not exist. It is possible that suppressors exist at low or intermediate frequency in these populations and were not captured by our random selection of parents to seed our backcrosses and initial gen- 
Hypothesis 3 The known hybrid incompatibility factor, H, will inhibit increase in frequency of M1, and high frequency of M1 will cause a decline in H frequency
While not a major factor for the previously naïve populations 
| Insights for applications of Medea elements
We have presented here the first analyses of natural Medea dynamics in experimental populations. Further, this is the first study we are aware of to study a natural selfish element-suppressor system in experimental populations. Suppressors of SGEs are of scientific interest not only because they impact the spread of the element, but because they can alter the evolutionary trajectory of a population. Because of the inherent conflict between SGEs and the host genome, suppressors of SGE components may be favored by natural selection (Hurst, 1995) . The suppressors may either increase to fixation or be maintained with the SGE. If the SGE is neutralized, the suppressor may be coopted for other purposes. Medea's only currently known suppressor, H, is also interesting because it may represent a mechanism by which we could retroactively remove a drive mechanism from wild populations, should that be needed.
We have demonstrated that a high frequency of H can sometimes purge M 1 from a population. As H is currently thought to function by interfering with Medea's antidote system (Thomson, 2014) , a synthetic H could function similarly, resulting in the death of offspring bearing the Medea construct, and impeding spread.
| Comparisons with models
Low-frequency M 1 introductions typically fit model predictions without adding a heterozygote-associated fitness costs, while higher-frequency introductions were predicted slightly better by a model with these costs (Figures 3-5 ). This is largely because such fitness costs impede M 1 increase at lower frequencies by eliminating the offspring of some heterozygotes but accelerate increase at 
| Future studies
Selfish genetic elements are found in a huge variety of taxa, and their spread can have important evolutionary consequence as well as innovative pest-management applications. The study above is only a step toward understanding Medea dynamics. Our results make a good argument for the hypothesis that within a decade of our population sampling, Medea will have spread to more locations and increased in frequency. Two alternative hypotheses are that (a) a Medea suppressor will evolve over time as seen with another SGE in Drosophila simulans (Bastide et al., 2011) or (b) that once Medea becomes fixed in large geographic areas and is no longer driving, mutations will build up within the Medea sequences and the element will lose its capacity to drive.
A follow-up study of Medea frequencies would certainly be justified.
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